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Abstract 

Supersymmetric QCD and supersymmetric electroweak loop corrections to the 
violations of weak isospin to Yukawa couplings are investigated. Specifically it 
involves an analysis of the supersymmetric loop corrections to the Higgs couplings 
to the third generation quarks and leptons. Here we analyze the SUSY loop cor- 
rections to the charged Higgs couplings which are then compared with the super- 
symmetric loop corrections to the neutral Higgs couplings previously computed. 
It is found that the weak isospin violations can be quite significant, i.e, as much as 
40-50% or more of the total loop correction to the Yukawa coupling. The effects 
of CP phases are also studied and it is found that these effects can either enhance 
or suppress the weak isospin violations. We also investigate the weak isospin vi- 
olation effects on the branching ratio BR(H~ — > ib)/ BR(H~ — > v t t~) and show 
that the effects are sensitive to CP phases. Thus an accurate measurement of this 
branching ratio along with the branching ratio of the neutral Higgs boson decays 
can provide a measure of weak isospin violation along with providing a clue to the 
presence of supersymmetry. 
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1 Introduction 



In this paper we investigate the effects of supersymmetric QCD and supersym- 
metric electroweak corrections to the violations of weak isopsin in the couplings 
of Higgs to quarks and leptons[l]. Specifically, we compute in this paper the 
supersymmetric loop effects to the couplings of the charged Higgs with quarks 
and leptons. These are then compared with the supersymmetric corrections to 
the couplings of the neutral Higgs. We also study the effects of CP phases on 
the charged Higgs couplings. The CP phases that appear in the soft parameters, 
however, are subject to strong constraints from the EDMs of the electron [2], and 
of the neutron[3] and of the Hg 199 atom[4]. The mechanisms available for the 
suppression of the EDMs associated with large phases consist of the cancellation 
mechanism[5, 6], the mass suppression [7] and phases just in the third generation[8] 
among others [9, 10]. Large CP phases affect a variety of low energy phenomena 
including the Higgs sector. One such phenomenon is the CP even -CP odd mixing 
among the neutral Higgs bosons which has been studied in great detailfll, 12, 13]. 
Here we study the effects of CP phases on the charged Higgs couplings to quarks 
and leptons and also the effect of CP phases on the breakdown of the weak isospin 
invariance. The outline of the rest of the paper is as follows: In Sec. 2 we give the 
basic formalism. In Sec. 3 we compute the SUSY QCD and SUSY electroweak loop 
correction to the charged Higgs couplings to third generation quarks and leptons. 
In Sec. 4 we analyze the loop corrections to the charged Higgs decays H — > tb and 
H~ — > u t t~ . In Sec. 5 we give a numerical analysis of the loop effects and estimate 
the sizes of the loop corrections to violations of weak isospin. We also study the 
effects of CP phases on the charged Higgs couplings and on the ratio of the decay 
branching ratios of the charged Higgs to tb and v t t~ , Finally, the conclusions are 
given in Sec. 6. 

2 The basic formalism 

We will use the framework of MSSM which contains two doublets of Higgs and 
for the soft breaking sector we will use the extended sugra framework[14] with 
nonuniversalities and with CP phases. Thus for the Higgs sector we have 
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The components of Hi and H2 interact with the quarks and the leptons at the tree 
level through [15] 

-£= E h f J R f L H\ + h t t R t L H 2 2 - h b b R t L H\ - h t t R b L H\ - h T f R v L H\ + H.c. (2) 

f=b,r 

The loop corrections produce shifts in these couplings and generate new ones as 
follows 

-£ e ff = E ( h f + Sh f )f R f L H{ + Ah f f R f L H 2 2 * 

f=b,r 

+(ht + 5h t )t R t L Hi + Ah t i R t L H{* - (h b + W b )b R t L Hl + Ahb R t L H^ 
-(h t + W t )i R b L Hl + Ah t t R b L H** - (h T + 6hr)? R v L H* + m~? R v L H? + H.c. (3) 

where "*" has been used to get a gauge invariant £ e ff- We rewrite Eq. (3) in a 
form which is illustrative 

-C eff = uAihb + 5h b )b R HiQ{ + (h T + 5h T )f R H[V L + (ht + 5h t )i R Q l L m] 

+[Ah b b R QiHi* + Ah T f R l\W* + Ah t t R QiHi*} - C molaUon + H.c. (4) 

where 

-^violation = {~(8h b - 5h h )b R t L Hl + (Ah b - Ah b )b R t L H%* 
-(6K - 5h T )f R v L Hl + (AK - Ah T )f R v L H]* 
-(Shi- 5h t )t R b L Hl + (Ah t - Ah t )t R b L Hl*} (5) 

The corrections Sh b , 5h T , 5h t , Ah b , A/i T ,and Ah t have been calculated in Ref.[16, 
17, 18] with the inclusion of CP phases. Their effects on the decay of neutral Higgs 
couplings have been studied in Ref. [18]. In this paper we analyze 5h b ,5h t ,Sh T , 
Ah b ,Ah t , and Ah T from exchange of sparticles at one loop. We then study their 
effects on the decay of the charged Higgs into quarks and leptons for the third 
family. We note that in the approximation 

Sh bj t, T = Sh bM , Ah bjt , T = Ah b>t)T (6) 

one finds that the right hand side of Eq. (5) vanishes and SUSY loop correc- 
tion preserves weak isospin. This is the approximation that is often used in the 
literature [1].. However, in general, the equalities of Eq. (6) will not hold and there 
will be violations of weak isospin given by Eq. (5). In this paper we will investigate 
the size of these violations and their implications on phenomena. 
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Figure 1: Exhibition of the supersymmetric loop contribution to the charged Higgs 
couplings with third generation quarks. All particles in the loop are heavy super- 
symmetric partners with U{bj) being heavy stops (sbottoms), g the gluino, and 
Xk(x7) neutralinos (charginos). 

3 SUSY QCD and SUSY electroweak corrections 
to the charged Higgs couplings 

Fig. (1) gives the SUSY QCD loop correction through gluino exchange and SUSY 
electroweak correction via neutralino and chargino exchanges. In the analysis of 
these graphs we use the zero external momentum approximation[19, 1, 18, 17] 
rather than the alternate technique of Refs.[20, 21]. We will work within the 
frame work of MSSM and SUGRA models allowing for nonuniversalities. We will 
characterize the parameter space of these models by using the parameters tjia, 
m , rhi = mie 1 ^' (i= 1 ,2,3) , A®, A®, A® and tan/5. Here tjia is the mass parameter 
in the Higgs sector, m is the universal scalar mass, rhi (i,2,3) are the gaugino 
masses corresponding to the gauge groups U(l), SU(2) and SU(3)c, A® br are the 
trilinear couplings in stops, sbottoms and staus and tan/3 =< H 2 > / < Hi > 
where H 2 gives mass to the up quark and H 1 gives mass to the down quark and 
the lepton. We discuss now the various contributions in detail. For A/i& we need 
btH interaction which is given by 

C UH = Hfb*U V > t + HlU^ij + H.c. (7) 

where 

' gmb a n* n i 9m 

71 H = ~m -m A b D b2j D tli + — = —fiD blj D t2i 

V2m w cosp v2m w sm(j 
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gm b m t gm\ g 

+~7k „ D b2j D t2i + -j= n D blj D tli ~ ~^™w cos /3D blj D tli (8) 

\ / 2m w cosp \ / 2m w cosp V2 

and 

9 m t /inn*, gmb n n* 

= To —m A t D bli D t2j + — = -^D m D tlj 

VZmwsmp v 2mw cos p 

9m b m t gm 2 t g . 

—; D b2iD t2j + —= —D bli D tlj - -7=m w sin (3D m D nj (9) 

Using the above one finds from Fig.l 

= - E E A* A\tf>*/(*4 m |, m ? ) (io) 
i=ii=i d7r 

where / (m 2 , m 2 , m 2 ) is defined so that 

<■/ 2 2 2\ ! 

/(m .m^mA 



{m 2 — m 2 ){m 2 — m 2 )(m 2 — mf) 

(m 2 m 2 ln — 3 - + m 2 m 2 ln — ^ + m 2 m 2 ln — |) (11) 
v J m 2 m 2 J m 2/ v 7 



for the case % ^ j and 



/(m 2 , m 2 , to 2 ) = - {m 2 ln^\ + (to 2 - to 2 )) (12) 
(toj — m z ) z m z 

Further in Eq.(10) D bi j is the matrix that diagonalizes the b squark mass 2 matrix 
so that 

2 _ _ 2 
h L = E A>iA, = E AaA (13) 

i=l i=l 

where hi are the b squark mass eigen states. Similarly D t ij is the matrix that 
diagonalizes the t squark mass 2 matrix so that 

2 2 

II = E D tJi, t R = J2 DtJi (14) 

i=l i=l 

where tj are the t squark mass eigen states. The SUSY electroweak correction 
Ahf W arising from the neutralino exchange and from the chargino exchange (see 
Fig.l) is given by the following 

A^f W = E E E Hi(^D blj - lbk D b2j )(ff k D* m + a tk D* t2l ) 
i=i j=i k=i 

m v° r, r- m om - 

^/( m 2 o, m | , m |) + ^-^[-'ftWu^ + «^A%) 
/( m |' m x"' m ^) + ( a bk D bij - lbhDb2j){U* 1 Dl lj - K b U* 2 Dl 2j )f(ml.,m 2 x -,m 2 x0k )}(15) 



2 



4 



(17) 



where 

6* = -gx 4k v* - ^x 2k v* - ^x lk v* (16) 

Here U and V diagonalize the chargino mass matrix, X diagonalizes the neutralino 

mass matrix, and k b is defined by 

k = rn b( t) 

V2m w cos/3(sin (3) 

Finally, a bk , Pbk and r y bk for the b quark are defined so that 

gm b X 3k / g , . 2 

ttfcfc = 7^ a» P&fc = e V6^ifc H 7T- X 2k {T 3b - Qb sm W ) 

2m w cos p cos W 

Ibk = eQ b X lk X 2k (18) 

COS Vw 

and 

gm t X ik , g , . 2 . 

a** = t — Afc = eQ<X lfc + — X 2k (T 3t - Q t sm W ) 

2m w sm p cos t% 

7ife = eQtA lfc X 2k (19) 

COS (7^y 

where Q b ( t) = -|(| ) and T 36(t ) = -|(|) and where 

X' lk = X lk cos 6> w + X 2k sin W 
x 2fc = ~ x ik sin 0w + X 2k cos W (20) 
Thus the total correction Ah b is given by 

Ah b = Ahl + Mf ^ (21) 
Similarly the SUSY QCD and SUSY electroweak correction 5h b is computed to be 

i=ij=i 67T 

2 2 4 m Q 

- E E E HM k D blj - lbk D b2j W tk D* tu + a tk D; 2i )^f(mlo ml,ml ) (22) 
i=ij=ijfc=i iD7r 

An analysis similar to the above gives for Ah t and for the following 

^ = " E E ^e-^^D^i^mg/Cm?, mg,, m|) 
»=i j=i OT 

2 2 4 mo 
+ E E E 2^*(a tfc Aii - lt k D t2j )([3; k D* bli + a bk D* b2i )j^f(m 2 x o, mf., mf.) 

2 2 4 q y _ 

+ E E E ^S-^-I-W^y^jy + a^.) 

z=l J=l fc=l i07r 
/(rr^.mj-.mjo) + (a* Ay - TtfcAsy) (Kl^ " ^^)/K, roJo)](23) 



where 

& = -gX* 3k U tl + ~jf l2 X; k + ^f i2 X* lk (24) 

Similarly for 5h t one has the following 

— 2 2 2a s 

^ = EE <3D tu D nmm- g f{m% mf., mf.) 

i=ij=i J7r 

2 2 4 



- 2 2 2 2r jij (a t kD tlj - ~f tk D t2j )(PZ k D* bli + a b kD* b2i )j^f(m 2 x o, m? , mf.) (25) 



2rHj(atkDtij - -f t kD t2j )((3 bk D* bli + a bk D* b2i ) 

=i j=i fc=i 

The analysis of A/i T and of 5/i r is free of the SUSY QCD correction while the 
SUSY electroweak correction gives 

2 4 ^2 o 

= 22 2r]]*[a Tk D Tlj - lrkD T2j }Pl k ^^f{m 2 x ^ mj, m\) 
j=i fe=i 

m am - 

+222 ^^^^[(^^i, - fcr^^-) 

i=l j=l fc=l i07r 

(a Tk D Tlj - 7 Tk D T2j )f(ml m 2 -,m 2 )] (26) 



where -D r ij, fc T , a r fc, /3 T fc, 7 T fc, are defined similar to D bi j, k b etc. Finally, for 
Sh T we have 

2 4 

1 •>„•:'•,» , n — , n „,m* 

16tt 2 ' v 

where 



i=l fc=l 



= 7h —^^Drtj j=m w sm(3D T ij 



\[2m w cos /9 T \[2 

2 

^ = ~m n m o A r D r2j + „D Tlj - -j^mw cos[3D Tlj (28) 

v / 2m H /cosp v2mvpcosp V2 

One measure of the size of the violation of the weak isospin is the deviation of the 

barred quantities from the unbarred quantities. Thus as a measure of violations 

of weak isospin in b quark couplings we define the quantity r b where 

\/|AA t | 2 + 

The deviation of this quantity from unity is an indication of the violation of weak 
isospin in the Higgs couplings. Similarly we can define r t and r T by replacing b 
with t and r in Eq. (29). 
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4 SUSY loop correction to charged Higgs De- 
cays: H~ — > tb and H~ —> v r r~ 

In this section we study the branching ratio involving the decays H~ — > tb and 
H~ — > z/ t t~. One may recall that in the neutral Higgs sector, the ratio R h ° = 
BR(h° -> bb)/BR(h° -> rf) is found to be sensitive to the supersymmetric loop 
corrections [22] and to CP phases. In an analogous fashion in this paper we define 
the ratio R H = BR(H~ — > ib)/BR(H~ — > z/ t t~) and show that this ratio is a 
sensitive function of the supersymmetric loop corrections, a sensitive function of 
the CP phases and in addition sensitive to the violations of weak isospin. To this 
end it is convenient to display the charged Higgs interaction 

-An* = b(B s bt + Bl tl5 )tH~ + f(B s VT + Bl rlh )vH~ + H.c. (30) 

where 

1 



B s bt = --(h b + 5h b )e~ Wbt sin (3 + -Ah b e~^ cos (3 

Z z 

-\{h t +W t )e Wbt cos (3 + ^Mfe ieM sin/3 

Bl t = ~\{h t + Ih*)e Wbt cos (3+ ^Ah*e i6bt sin/5 

+ -{h b + W b )e- iebt sin (3- -AlT b e^ ebt cos (3 
z\ z\ 

B S VT = -B p UT = -hh T + lK)e- i ^ /2 sinf3 + e-^ /2 lAKcos(3 (31) 

Z Z 

where 6 bt = (xb + Xt)/2 and where Xb, Xr and Xt are defined by the following 

Im (§h iL + A^tan/3) 
tan »=l + ite(% + ^tan/3) (32) 

and the same holds for tan% T with b replaced by r on the right hand side of 
Eq. (32). For tanxt an expression similar to Eq. (32) holds with b replaced by t 
and tan (3 replaced by cot (3. The coupling h b is related to the b quark mass by 
the relation 

i-m br , „ 5h b „ Ah b 
h b = V2— 1 + Re— - + Re—^ tan f3 2 

+(j m ^ + / m ^ tan/3) 2 ]"* (33) 
/i 6 h b 

and similar relations hold for h T . For ft, t a similar relation holds but with v\ 
replaced by t> 2 and tan/3 replaced by cot/3. Notice that and A/i 6 in Eqs. (32, 
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33) are not barred quantities. Quantities of interest for the purpose of illustration 
of loop effects are R t b an R VT defined by 

Rtb ~ T(H~ - Wo ( } 

and 

1 (ii -> z/ r r jo 

where 

r(//- - tfe) = _A^(( m 2 +m 2_ ^2 _ 4m 2 m 2 } I 

{\{\B s ht ? + \B p bt \ 2 )(m 2 H - - m\ - ml) - 1 -{\B^ - |^| 2 )(2m,m fe )}(l + co) (36) 

Here + is the QCD enhancement factor and is given by [23] 

a s a 2 

+ = 1 + 5.67— + 29.14^ 37 
so that (1 + uj) ~ 1.25 for ~ 0.12. Similarly we have 

r(tf- - u T r-) = ^3-«- " <) 2 (I^ T | 2 + |^ T | 2 ) (38) 

The quantities T(H~ — ► t6) and r(if - — > z/ r r~) correspond to the tree value, 
i.e., when the loop corrections in T(H~ — > tb) and r(if~ — > z/ T r~) are set to zero. 
Finally, to quantify the breakdown of the weak isospin arising from SUSY QCD 
and SUSY electroweak loop effects we define the following quantities 

R H ~ — R H ~ 

^Rtb/ur = uH - ° — (39) 

where the first term in the numerator includes the full loop correction including the 
effects of weak isospin violation and the quantities with subscripts are evaluated 
at the tree level. Further, we define 

Ar tb/uT = Knob l H _ (40) 

where Ar t b/ UT is defined identical to ARbt/ UT except that no barred quantities are 
used, i.e., we set Ah bjt>T = Ah bjttT and 5h b>tjT = <^&,t,r m Eq. (31). A comparion 
of Ar tb /vT an d AR bt / VT exhibits the amount of weak isospin violation induced by 
SUSY loop effects. 
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5 Numerical analysis 



The analytical analysis of Sees. 2-4 is valid for MSSM. However, the parameter 
space of MSSM is rather large and for this reason for the numerical analysis we use 
the framework of SUGRA models but allowing for nonuniversalities. Specifically 
in the numerical analysis we use the parameters m A , m , A$, A® = A® (where 
A ' s are in general complex), tan (3 and & (i=l,2,3) where & are the phases of the 
gaugino masses, i.e., fhi = mie^'. In addition one has the Higgs mixing param- 
eter ji (which appears in the superpotential as fiHiH 2 ) which is also in general 
complex, i.e., \i = \fj,\exp(i9^), where is determined by radiative breaking of 
the electroweak symmetry while 9^ is arbitrary. (We note, however, that not all 
the phases are independent since the phases appear only in certain combinations 
in physical quantities [24]). We then evolve them through renormalization group 
equations to the low energy scales (see e.g., Ref.[25]). Now as seen from the discus- 
sion in Sees. 1 and 2, the weak isospin is a symmetry of the tree level Lagrangian 
but is violated at the loop level. The size of the weak isopsin violation arising 
from loop corrections can be quantified by the r b defined by Eq. (29) (and by 
r t ,r T similarly defined). In Fig. (2) we give a plot of rb,r t ,r T as a function of 9^. 
Recalling that deviations of T from unity register the violations of weak isospin 
we find that indeed such deviations can be as much as 50% or more depending on 
the region of the parameter space one is in. Thus in general the violations of weak 
isospin arising from Eq.(5) would be significant. 

Next we investigate the question of how large the loop corrections themselves 
are relative to the tree values. In Fig. (3) we give a plot of R t b defined by Eq. (34) 
as a function of 6^ for values of tan (3 ranging from 5 to 30 for the specific set of 
inputs given in caption of Fig. (3). The analysis of the figure shows that the loop 
correction varies strongly with the phase 9^ with the correction changing sign as 
9^ varies from to n. Further, the analysis shows that the loop correction can 
be as large as about 40-50% of the tree contribution in this case. In Fig. (4) we 
give a plot of R t b as a function of £ 2 for the specific set of inputs given in the 
caption of Fig. (4). The analysis of Fig. (4) shows that the loop corrections are 
substantial and further that they have some sensitivity to £ 2 though the sensitivity 
is significantly smaller when compared to the sensitivity to variations in 9^ seen in 
Fig. (3). The reason for this difference is that £ 2 is the phase that appears only in 
the electroweak loops whose contributions are relatively smaller than those arising 
from SUSY QCD while the variations in 9^ arise from both QCD and electroweak 
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contributions. In Fig. (5) we give a comparison of the loop correction to Rtb with 
and without phases as a function of tan f3. The lower curves are for three cases (a), 
(b) and (c) whose inputs are given in the figure caption. These cases at tan (3 = 50 
satisfy the EDM constraints including the Hg 199 constraint as shown in Table 1 
(taken from Ref. [18]). The upper three similar curves have all the same inputs as 
the lower three curves except that the phases are all set to zero. Fig. (5) shows that 
the loop corrections to R t b depend sensitively on the phases and the correction can 
change sign from its tree value in the presence of phases. Further, the ratio R t b 
is sensitive to tan (3 with or without the inclusion of phases. The analysis of Figs 
(6) - (8) is identical to the analysis of Figs. (3) - (5) except that the analysis of 
Figs (6) - (8) is for the ratio R VT . The main difference here from the R t b case is 
that for the case of R VT there are no SUSY QCD corrections. Thus the sensitivity 
to the variations in the electroweak parameters is larger. Thus a comparison of 
Fig. (4) and Fig. (7) shows that R VT is more sensitive to variations in £ 2 than R t b 
because the electroweak corrections are not masked by QCD as in the case of R t b- 
Finally, in Fig. (9) we plot AR t b/ UT and Ar t b/ UT defined in Eq. (39) and Eq. (40) 
as a function of 9^. A comparison of the two shows that the effect of weak isospin 
violation on the branching ratios can be in the neighborhood of 20-25%. 



Table 1: EDMs at tan/3 = 50 for Figs. (5) and (8) 



Case 


d e e.cm 


d n e.cm 


C Hg cm 


(a) 


1.67 x 10~ 27 


1.59 x 10~ 27 


1.18 x 10~ 27 


(b) 


6.05 x 10~ 28 


3.47 x 10~ 27 


1.29 x 10~ 26 


(c) 


2.14 x lO" 27 


8.90 x 10~ 28 


1.25 x 10~ 2ti 



6 Conclusions 

In this paper we have investigated the effects of supersymmetric loop corrections 
on the violations of weak isospin in Yukawa couplings of the Higgs to quarks and 
leptons. Specifically we have computed the gluino, chargino and neutralino loop 
corrections to the charged Higgs couplings to the third generation quarks and lep- 
tons. We find that the loop corrections to the charged Higgs couplings can be as 
much as 40-50% of the tree level contribution. We also compared the supersym- 
metric loop corrections to the charged Higgs couplings with the supersymmetric 
loop corrections to the neutral Higgs couplings. The disparity between the charged 
Higgs and the neutral Higgs couplings is a measure of the violations of weak isospin 
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in the effective low energy Lagrangian. The analysis shows that the effects of vio- 
lations of weak isospin on the Yukawa couplings can be as much as fifty percent or 
more. It is also found that such violations are in fact also sensitive to CP phases. 
Using these results we have investigated the charged Higgs decays H — > tb and 
H — > v t t~ . It is shown that the branching ratios for these decays are sensitive 
to weak isospin violation effects and the effects of the violations of weak isospin 
on the branching ratio can be as much as 20-25%, and thus accurate measurement 
of the branching ratios of the charged and neutral Higgs decays can provide a 
measure of such violations. The new results of this paper are contained in Sees. 3,4 



and 5. Specifically in Sec. 3 we have given computations of Ah b> t, T and 8h b ^, T not 
previously computed in the literature in the current framework. The analysis of 
this paper will also be useful in the more accurate computations of decays of the 
stops and sbottoms[26] and in the more accurate computation of charged Higgs 
decays [2 7]. 
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Appendix A 

For the convenience of comparison of the barred and the unbarred quantities we 
exhibit below the unbarred quantities for the bottom quark[18]. First we exhibit 
Ah b . We have 



2 2 2a 



A^ = -EE -A '^/„/^/;; l ,/; / , 2; /(m 2 . m| 
i=ij=i 671 



2 2 2 m , 

"EEE 9 2 E*A V ^ D ni - hV: 2 D: 2i }(k b UZ 2 D aj )^J(ml t ,ml m|) 

i=l j=l k=l 

222 m +m + 

-EEE 9 2 C tJ {VaD* tlk - k t V*D; 2k }(k b U* 2 D ak )^^f(ml m 2 + , m 2 + ) 
i=ij=ifc=i i07r 1 3 

2 2 4 m Q 

+ E E E 2G* tJ {a bk D blj - %k D b2j }{f3* bk D* bli + a bk D* b2i }-^f(m 2 x o, m| , m\ ) 
i=ij=i k= i i07r 

4 4 2 m om y i] 

+ E E E 2r y {oyA lfc - l bj D b2k }{(3* M Dl lk + a M D* b2k }^-^f(ml , m 2 , m 2 )(41) 
i=i j=i fc=i i07r 3 

where 
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and 



^ [D* tli D tlj + D* t2l D t2j ] - 9mtmoAt D* t2i D tlj (42) 

VI (43) 

^ = + 5 Sin2 6w ^ D ^ - I sin2 e ^ D ^Dm) 

+ 2M w cos(3 DbuDb23 (44) 

and where 

Tij appearing in Eq.(41) is denned by 

« " 2lh [rhlX * uX * 13 + ™^ 2 *^ ~ M X * X * + X ^)] (47) 



where 



Next we exhibit 5/i 6 [18]. We have 

2 2 2a 



2 2 2 



+ 

where 



2 2 2 m , 

- E E E ^{OTi - hv: 2 D; 2i }(k b u; 2 D aj )^f(m 2 t ,mi, m ^ 

i=\ j=l k=l i07r 

2 2 4 m 

E E E ^H^D^ - W?Ky}{/&^ u + a^}-^/K„, m| , m? )(48) 

i=l j"=l fc=l i07r 

^re 

= _ 2^oll^ {(_ ^ + I Sin2 W D ™ D W - I sin2 ^^A 2j } cos/3 

7§ = ~ ~ I Sin2 £ ^) £, *« £, *y + f Sin2 ^A^A 2 ,} cos/5 

+ 2M^n7 AliA2j (50) 
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Figure 2: Plot of r&, r t , r T as a function of B^ for the following inputs: (solid 
curves) tra = 200, tan/5 = 20, mo = 350, rrig = 300, £i = .1, £2 = -2, £3 = —.3, 
I A\ I = 3, a^o = 0, \A°\ = 7, a A o = 2. The curves in descending order at 6^ = 
correspond to r b , r T and r t ; (dashed curves) same input as for solid curves except 
that m = 375 and \A®\ = 8. All masses are in GeV and all angles are in GeV 
here and in succeeding figures. 




Figure 3: Plot of R t b = BR(H~ — > ib)i oop / BR(H~ — > tb\ ree as a function of the 
phase 9^ The input parameters are: uia = 200, m = 200, m- g = 400, £1 = 0, 
£2 = 7T, £3 = ti", = = a^o = 0, and \A®\ = \A°\ = 4. The curves in ascending 
order at the point B^ — ir correspond to tan (3 — 5, 10, 15, 20, 30. 
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Figure 4: Plot of Rtb as a function of the phase £2- The input parameters are: 
m A = 200, m = 200, a A o = = a A o = 0, \A° t \ = \A° b \ = 2, & = 0, £ 3 = 0, 0„ = 
and tan f3 = 10. The curves in ascending order at £2 = tt correspond to values of 
m 5 = 300, 400, 600, 800, 1000. 



1 .6 




5 15 25 35 45 

Figure 5: An exhibition of R t b as a function of tan/3 with and without phases. 
The three lower curves are for the cases (a), (b) and (c) with parameters given 
by : (a)m A = 200, m = mi = 300, A = 4, a A() — 1, £1 = -5, £2 = -659, 
£ 3 = .633, ^ = 2.5 (solid) ; (b) m A = 200 GeV, m = mi = 555 GeV, A = 4, 
« Ao = 2, £1 = .6, £ 2 = -653, £ 3 = .672,# M = 2.5 (long-dashed); (c) m A = 200 GeV, 
m = mi= 480 GeV, A) = 3, a Ao = .8, £1 = .4, £ 2 = -668, £ 3 = -6, 0„ = 2.5 (dot- 
dashed). \A®\ = \A®\ = A , a A o = a A o = a Ao in all cases. The edm constraints 
including the Hg" are satisfied for the above curves at tan/3 = 50 as shown in 
Table 1. A plot of the above three cases but with the phases set to zero are given 
by the similar upper curves. 
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Figure 6: Plot of R VT = BR(H~ — > vt~)i oop / BR(H~ — > vT~\ ree as a function of 
the phase 9^. The input parameters are: m A = 200, m = 200, m~ g = 400, £i = 0, 
£ 2 = 7r, £ 3 = ii, a A o = a A o = 0, and \A9\ = \Ai\ = 4. The curves in descending 

t b 

order at the point 9^ = rc correspond to tan/3 = 5, 10, 15, 20, 30 
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Figure 7: Plot of R i/ T as a function of the phase £2- The input parameters are: 
m A = 200, m = 200, a A o = a A o = 0, \A° t \ = \A° b \ = 2, & = 0, £ 3 = 0, ^ = 
and tan (3 = 10. The curves in ascending order at £2 = 7r correspond to values of 



m 5 = 300, 400, 600, 800, 1000. 



18 



5 15 25 35 45 

tan (3 

Figure 8: An exhibition of R UT as a function of tan/? with and without phases. 
The three upper curves are for the cases (a), (b) and (c) with parameters given 
by : (a)m A = 200, m = mi = 300, A = 4, a^o = 1> Ci = -5, £2 = -659, 
£ 3 = .633, ^ = 2.5 (solid) ; (b) m A = 200 GeV, m = mi= 555 GeV, A = 4, 
aAo = 2, £1 = .6, £2 = .653, £ 3 = .672,00 = 2.5 (long-dashed); (c) m A = 200 GeV, 
m = mi = 480 GeV, A = 3, a Ao = .8, £1 = .4, £ 2 = .668, £ 3 = -6, ^ = 2.5 (dot- 
dashed). I At I = \A®\ = A , a A o = a A o = a Ao in all cases. The edm constraints 
including the Hg" are satisfied for the above curves at tan/3 = 50 as shown in 
Table 1. A plot of the above three cases but with the phases set to zero are given 
by the similar lower curves. 
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Figure 9: Plot of AR t b/ UT and Ar t t,/ UT as a function of (9 M for the following in- 
puts:(solid curves) m A = 200, m = 300, m g = 300, tan/3 = 20, £1 = .1, £2 = -2, 
£3 = —.3, \A®\ = 3, a A o = 0, \A®\ = 7, a A o = 2. The curves in descending order at 
9^ = correspond to Ar t b/v T and AR th / vr ; (dotted curves): same input as for solid 
curves except that m Q = 350; (dashed curves) same input as solid curves except 
that m = 375 and \A° b \ = 8. 
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